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All extensions of the standard model that generate Majorana neutrino masses at the electro-weak
scale introduce some “heavy” mediators, either fermions and/or scalars, weakly coupled to leptons.
Here, by “heavy” we understand implicitly the mass range between a few 100 GeV up to, say,
roughly 2 TeV, such that these particles can be searched for at the LHC. We study decay widths
of these mediators for several different tree-level neutrino mass models. The models we consider
range from the simplest d = 5 seesaw up to d = 11 neutrino mass models. For each of the models
we identify the most interesting parts of the parameter space, where the heavy mediator fields
are particularly long-lived and can decay with experimentally measurable decay lengths. One has
to distinguish two different scenarios, depending on whether fermions or scalars are the lighter of
the heavy particles. For fermions we find that the decay lengths correlate with the inverse of the
overall neutrino mass scale. Thus, since no lower limit on the lightest neutrino mass exists, nearly
arbitrarily long decay lengths can be obtained for the case where fermions are the lighter of the
heavy particles. For charged scalars, on the other hand, there exists a maximum value for the decay
length. This maximum value depends on the model and on the electric charge of the scalar under
consideration, but can at most be of the order of a few millimeters. Interestingly, independent of the
model, this maximum occurs always in a region of parameter space, where leptonic and gauge boson
final states have similar branching ratios, i.e. where the observation of lepton number violating final
states from scalar decays is possible.
I. INTRODUCTION
The phenomenology of long-lived particles (LLPs) has received considerable attention in the literature recently.
When produced at the Large Hadron Collider (LHC), LLPs can leave exotic signatures, such as, for example, displaced
vertices, displaced leptons, charged tracks and others [1]. All major detectors at the LHC, ALTAS, CMS and LHCb,
do search for these exotics now. In addition, there are various experimental proposals, fully dedicated to LLP searches,
such as MATHUSLA [2, 3], CODEX-b [4] and FASER [5] or SHiP [6]. Also MoEDAL [7], originally motivated by monopole
searches, now has an LLP programme.
From the theoretical point of view there are mainly two possible motivations for introducing LLPs [1, 3]: Dark
matter and neutrino masses. In this paper, we will focus on the latter. We will discuss several examples of Majorana
neutrino mass models and study their predictions for the decays of the new fields that these models need to introduce.
For reasons explained below, we will concentrate on the mass range (0.5-2) TeV, i.e. relatively “heavy” LLPs.
The best-known example of a Majorana neutrino mass model is the simple type-I seesaw [8–10]. Here, two (or
more) copies of fermionic singlets, N , are added to the standard model. These states, sometimes called right-handed
neutrinos, sterile neutrinos, heavy neutrinos or also “heavy neutral leptons” (HNL) will mix with the SM neutrinos
after electro-weak symmetry breaking. Standard model charged and neutral current interactions then yield a small,
but non-zero production rate for these nearly singlet states proportional to
∑
α |Uαi|2, where Uαi is the mixing angle
between the neutrino of flavour α = e, µ, τ and the sterile neutrino eigenstate, Ni. Recent phenomenological studies
assessing the LHC sensitivity with displaced vertices to light sterile neutrinos in various models have been published
in [11–19], see also the review [1]. The large statistics expected at the high-luminosity LHC should allow to probe
mixing angles down to roughly
∑
α |Uαi|2 ∼ 10−9, for masses below mN1 ∼ 25 GeV [17] at ATLAS (or CMS) and
below mN1 ∼ 5 GeV at MATHUSLA [3, 13].
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FIG. 1: Naive estimate of the mixing angle (left) and decay length (right) of the lightest sterile neutrino in a type-I seesaw for
a given value of the lightest active neutrino mass as function of the sterile neutrino mass, mN1 .
For the simplest seesaw type-I one can estimate an upper bound on the decay length for a given sterile neutrino
mass mN , assuming that the corresponding state contributes a certain amount to the active neutrino mass(es). This
estimate is shown in fig. (1). Here, we have used the well-known Casas-Ibarra approximation [20] to reparametrize
the seesaw. For the plot we fix the neutrino oscillation data at their best fit point (b.f.p.) values, choose normal
hierarchy and assume that the matrix R is trivial. We then choose three different example values for the lightest
neutrino mass. Note that mν1 = 1 eV is experimentally excluded, both from cosmology [21] and from double beta
decay searches [22, 23] and is shown only for the sake of demonstrating the parameter dependence. The choice of
mν1 = 0.05 eV is motivated by the atmospheric neutrino mass scale. The sterile neutrino widths have been calculated
with the formulas given in [24, 25]. The decay lengths shown are to be understood as upper bounds, since choosing
a non-trivial R will lead in general to larger mixing and thus to smaller decay lengths.
As fig. (1) shows, for masses mN1 above, say mW , decay lengths drop quickly to values below cτ ∼ 1 mm, except
for the region of parameter space, where the lightest neutrino mass is much smaller than mν1 = 0.05 eV. Comparing
to the plot on the left of the figure, however, shows that such small values of mν1 correspond to very small values of
the mixing angle squared,
∑
α |Uα1|2. The production rates of long-lived “heavy” steriles, i.e. with mN >∼ 100 GeV,
is therefore expected to be unmeasurably small in models based in seesaw type-I.1
The situation can be very different in other electro-weak scale model of neutrino masses. The principle idea is
rather simple. Consider, for example, the so-called seesaw type-III [27]. Here, an electro-weak triplet fermion is
introduced, usually denoted by Σ. Production at the LHC can proceed, for example, via pp → W± → Σ0Σ±, i.e.
with electro-weak strength. The decays Σ0 → W± + l∓α and Σ± → W± + να are, however, again mixing suppressed
[28], as discussed above for the case of the type-I seesaw. Thus, very small decay widths do not necessarily imply
small producion rates in general. 2 In this paper, we will study this idea in some detail, considering a variety of
different Majorana neutrino models. Note that all models we consider will produce neutrino masses at tree-level.
Majorana neutrino masses can be generated from operators of odd dimensions, starting from d = 5. One can write
these ∆L = 2 operators as:
O∆L=2 = cαβ
Λ2n+1
LαLβHH(HH
†)n. (1)
Here, cαβ is some dimensionless coefficient and n = 0 corresponds to the well-known Weinberg operator [31]. The
Weinberg operator has three different independent contractions [32], which correspond - at tree-level - to the three
classical seesaws [8–10, 27, 33]. Less known are the models at d > 5. Reference [34] presented a complete deconstruction
1 In models with an inverse seesaw [26], larger mixings and thus, larger production rates are possible. However, this will lead again to
shorter decay lengths than those shown in fig. (1).
2 Extending the standard model gauge group by, for example, an additional U(1)B−L allows to decouple production cross sections from
decay lengths even for a type-I seesaw, as discussed in [29, 30].
3of the d = 7 operator at tree-level. However, most of the ultra-violet completions (or “models”) found in [34] require
additional symmetries, beyond those of the standard model, in order to avoid the d = 5 seesaw contributions. On
the other hand, there is one d = 7 model, first presented in [35], for which all d = 5 (tree-level) contributions are
automatically absent. Following [36–38] we will call such models “genuine” and in our numerical calculations we will
consider only genuine models. In addition to the d = 7 model [35], called BNT model below, we will choose one model
at d = 9 and one at d = 11 each. These two models have been first discussed in [38].
Charged particles, be they fermions or scalars, would have been seen at LEP, if their masses are below (80-115)
GeV [39], with the exact number depending on the decay modes and nature of the particle under consideration. Thus,
none of the models we consider in this paper can work with an overall mass scale below roughly 100 GeV. Also the
LHC will provide important constraints on all our models. Here, however, the situation is much more complicated.
Consider for example the seesaw type-II [33]. Here, a scalar triplet is added to the standard model and ATLAS has
searched for this state in pp → ∆++∆−− → 4ℓ [40]. The limits are in the range (770 - 870) GeV, depending on
the lepton flavour, assuming Br(∆±± → ℓ±α ℓ±β ) equal to 1 (for α, β = e, µ). CMS [41] has studied both pair- and
associated production of scalars and obtained limits for leptonic final states similar to the ones by ATLAS. ATLAS
has also considered pp→ ∆++∆−− → 4W . However, lower limits for a ∆++ decaying to gauge bosons are currently
only of order 220 GeV [42]. For the fermions of seesaw type-III CMS quotes a lower limit of ∼ 840 GeV [43], assuming
a “flavour democratic” decay, i.e. equal branching ratios to electrons, muons and taus. Weaker limits would be
obtained for states decaying mostly to taus. Note that this search [43] assumes that all decays are prompt. For
the more complicated final states of our d > 5 models no dedicated LHC searches exist so far, but one can expect
that current sensitivities should be somewhere between (0.5 − 1) TeV, depending on whether one considers scalars
or fermions. The high-luminosity LHC will of course be able to considerably extend this mass range. Thus, we will
consider (roughly) the mass range (0.5-2) TeV in this paper.
The rest of this paper is organized as follows. We will give the particle content and the Lagrangians of the models
used in the numerical parts of this paper in section II. We divide then the numerical discussion into two sections.
First, in section III we calculate the decays of exotic fermions, while section IV discusses the decays of exotic scalars.
In both sections, the main emphasis is on identifying the regions in parameter space, where the decay widths of the
lightest exotic particles are sufficiently small that experiments will be able to find displaced vertices or charged tracks,
depending on whether the particles considered are neutral or charged. We then close with a short summary and
discussion.
II. MODELS
In this section we will discuss the basics of the different neutrino mass models that we consider in the numerical part
of this work. All models studied here generate neutrino masses at tree-level. The lowest order operator to generate
Majorana neutrino masses is the Weinberg [31] operator at d = 5, which at tree-level can be realized in three different
ways. For higher dimensional operators generating neutrino masses, we will consider one example model each at
d = 7, d = 9 and d = 11. The models we selected are all “genuine” models in the sense that they give automatically
the leading contribution to the neutrino mass without resorting to any additional symmetry beyond the SM ones.
To fix notation, with the exception of the classical three seesaw mediators (see below), we will use RY for SU(2)L
representations with hypercharge Y and add a superscript F or S to denote fermions and or scalars. For example,
3F1 is a fermionic triplet with hypercharge one. The different components of these representations are then written
classified by their electric charge. For example, 3F1 is written in components as (F
++
3 , F
+
3 , F
0
3 ), where we exchange R
and F to avoid confusion between multiplets and charge eigenstates.
A. d = 5
At d = 5 there are three models that generate neutrino masses at tree-level. These are known as seesaw type-I,
type-II and type-III in the literature. Seesaw type-I adds fermionic singlets to the standard model (SM), 1F0 ≡ N .
Type-II adds a scalar triplet to the SM, 3S1 ≡ ∆, while type-III uses fermionic triplets, 3F0 ≡ Σ. For these three fields
the names N , ∆ and Σ are customary in the literature; we follow this convention. The neutrino mass diagrams for
the three classical seesaws are shown in fig. 2.
These three models are very well-known and we give the Lagrangians here only to fix the notation. The Lagrangian
for type-I seesaw is given by:
L = LSM + YνLH†N + 1
2
MNN
c
N. (2)
4H H
N N
L L
H H
∆
L L
H H
Σ Σ
L L
FIG. 2: Tree-level neutrino mass diagrams for the d = 5 Weinberg operator. These are the three well-known variants of the
seesaw, from left to right: Type-I, -II and -III.
Here, MN is a matrix with eigenvalues mNi .
3 For the seesaw type-II one has:
L = LSM + Y∆Lc∆L+ µ∆H∆†H +m2∆|∆|2 · · · (3)
Here, we neglected to write down other terms in the scalar potential which are not directly relevant for neutrino mass
generation. Recall, that the term proportional to µ∆ induces a vacuum expectation value for the triplet: v∆ ≃ µ∆ v2m2
∆
.
Here, v is the standard model Higgs vev. Finally, for type-III we write:
L = LSM + YΣLH†Σ+ 1
2
MΣΣΣ. (4)
In these equations we have suppressed generation indices. Recall, however, that for type-I and type-III seesaw there
is one non-zero active neutrino mass per generation of singlet/triplet field added. Thus, for these cases at least two
copies of extra fermions are needed. In our numerical studies we always use three copies of extra fermions. All
matrices Yν , Y∆, YΣ and MN and MΣ are then (3, 3) matrices.
For setting up the notation, here we give also the mass matrices for the neutral and charged fermions in seesaw
type-III. The neutral fermion mass matrix, in the basis (ν,Σ0), is given by
M0 =

 0 v√2YΣ
v√
2
Y TΣ MΣ

 , (5)
while the charged fermion mass matrix, in the basis (l,Σ−), is:
M+ =
(
v√
2
Yl
v√
2
YΣ
0 MΣ
)
. (6)
Note that the mixing between heavy and light states in both, the neutral and the charged sectors, is to first approxi-
mation given by (YΣv).M
−1
Σ .
B. d = 7
The model we consider at d = 7 first appeared in reference [35]; we therefore call it the BNT model. The
phenomenology of this model has been studied also in [44, 45]. In the BNT model, two kinds of fields are added to
the SM; a scalar quadruplet, 4S
3/2 and a fermionic triplet, 3
F
1 , together with its vector partner 3
F
−1. The Lagrangian
of this model contains the terms
L = LSM + YΨLH†3F1 + YΨ4S3/23F−1L+M33F1 3F−1 +m24|4S3/2|2 + λ5HHH(4S3/2)† + · · · , (7)
3 We use capital letters for matrices, lowercase letters for eigenvalues.
5FIG. 3: Tree-level neutrino mass diagram for the genuine d = 7 model [35].
Here, we have again written only those terms that appear in the diagram for neutrino masses, see fig. (3). The last
term in eq. (7) induces a vacuum expectation value (vev) for the neutral component of the 4S3/2, even for m
2
4 ≥ 0.
Roughly one can estimate
v4 ≃ −λ5 v
3
m24
. (8)
The SM ρ parameter [39] requires that this vev is small, we estimate v4 <∼ 3.5 GeV.
In the calculation of the neutrino mass matrix, one can use eq. (8) to rewrite the full neutral fermion mass matrix,
in the basis (ν, F 03 , F
0
3):
4
M0 =


0 v√
2
YΨ
v4√
2
Y T
Ψ
v√
2
Y TΨ 0 M3
v4√
2
YΨ M
T
3 0

 . (9)
This matrix has the same structure as found in the so-called “linear seesaw” models [46, 47]. The light neutrino
masses are therefore given approximately as
mν ≃ 1
2
(
YΨM
−1
3
Y T
Ψ
+ YΨM
−1
3
Y TΨ
)
vv4. (10)
Note the additional suppression of the neutrino masses by a factor (v4/v) compared to the standard seesaw.
The charged fermion mass matrix in the basis (l, F−3 ), is given by:
M+ =
(
vYe√
2
− v
2
YΨ
0 M3
)
(11)
Note that the neutrino masses require YΨ and/or YΨ to be small, see eq. (10). Thus, unless there is a large hierarchy
imposed on the couplings YΨ and YΨ, one expects the mixing between the heavy charged states and the charged
leptons to be small.
C. d = 9
As shown in [38], there are two genuine tree-level neutrino mass models at d = 9. model-I is the simpler variant,
since it contains only three new fermions, 3F1 , 4
F
1/2 and 5
F
0 , together with their vector partners. The Lagrangian of
4 F
0
3 denotes the neutral component in 3
F
−1.
6 
FIG. 4: Tree-level neutrino masses diagrams for two different higher-dimensional neutrino mass models. A d = 9 diagram to
the left and a d = 11 diagram to the right.
the model can be written as:
L = LSM + LY uk + Lmass, (12)
where
LY uk = YΨ L3F1 H† + Y 34 3F−14F1/2H + Y34 3F1 4F−1/2H†
+ Y 45 4
F
1/25
F
0 H
† + Y45 4F−1/25
F
0 H
(13)
and
Lmass = M33F1 3F−1 +M44F1/24F−1/2 +M55F0 5F0 . (14)
The mass matrix for the neutral states, in the basis (ν, F 03 , F
0
3, F
0
4 , F
0
4, F
0
5 ), is given by
M0 =


0 v√
2
YΨ 0 0 0 0
v√
2
Y TΨ 0 M3 0
v√
6
Y34 0
0 MT3 0
v√
6
Y 34 0 0
0 0 v√
6
Y
T
34
0 M4
v
2
Y 45
0 v√
6
Y T
34
0 MT
4
0 v
2
Y45
0 0 0 v
2
Y
T
45
v
2
Y T
45
M5


. (15)
This matrix has an iterated seesaw structure, as can be understood also from the neutrino mass diagram shown in
fig. (4), to the left. Repeatedly applying the seesaw approximation, the light neutrino mass matrix can be roughly
estimated as:
mν ∼ 1
48
YΨM
−1
3
Y 34M
−1
4
Y45M
−1
5
Y T
45
(MT
4
)−1Y
T
34
(MT
3
)−1Y TΨ v
6
SM + · · · (16)
Here, we have neglected terms proportional to Y34 and Y 45, since they are formally of higher order (i.e. d = 11, 13
contributions to mν). Note that, for generating non-zero neutrino masses all matrices YΨ, Y 34 and Y45 must contain
non-zero entries, while non-zero terms for Y34 and Y 45 are not required.
Finally, for this model, the charged fermion matrix, in the basis (l, F−3 , F
−
4 , (F
+
4 )
c, F−5 ), is given by:
M+ =


v√
2
Ye − v2YΨ 0 0 0
0 M3
1√
3
vY 34 0 0
0 1√
3
vY T34 0 M4 − v2√2Y 45
0 0 M4 0
√
3
2
√
2
vY45
0 0 −
√
3
2
√
2
vY
T
45
v
2
√
2
Y T
45
−M5


. (17)
7D. d = 11
Also at d = 11 level there are two genuine neutrino mass models at tree-level [38]. The neutrino mass diagram
of model-I is shown in fig. 4, to the right. Again, we have chosen this model over model-II since it has the smaller
particle content. Model-I needs one exotic fermion, 3F1 (plus vector partner) and three different scalars: 5
S
2 , 5
S
1 and
3S0 , Here we write down only the Lagrangian terms important for generating neutrino masses:
L ∝ λ55(5S2 )†5S1HH + λ53(5S1 )†3S0HH + µ33S0HH† +m23|3S0 |2
+m251 |5S1 |2 +m252 |5S2 |2 + YΨL3F1 H† + Y33F1 3F1 (5S2 )† + Y33F−13F−15S2 +M33F−13F1 .
(18)
The neutral components of the scalars 3S0 , 5
S
1 and 5
S
2 will acquire vevs, v3, v51 and v52 respectively. Solving the
tadpole equations gives:
v3 =
µ3v
2(16m251m
2
52
− λ255v4)
(−32m23m251m252 + 2λ255m23v4 + 4λ253m252v4)
∼ −µ3v
2
2m23
, (19)
v51 = −
2
√
2λ53m
2
52
µ33v
4
(−16m23m251m252 + λ255m23v4 + 2λ253m252v4)
∼ λ53µ3v
4
4
√
2m23m
2
51
, (20)
v52 = − λ53λ55µ3v
6
√
2(−16m23m251m252 + λ255m23v4 + 2λ253m252v4)
∼ λ53λ55µ3v
6
16
√
2m23m
2
51
m252
. (21)
Again, all these vevs have to be numerically small, due to the precise measurements for the ρ parameter [39]. Eq.
(21) allows to trade the parameters of the scalar sector for v52 in the calculation of the neutral fermion mass matrix.
The resulting mass matrix, in the basis (ν, F 03 , F
0
3), is given by:
M0 =


0 v√
2
YΨ 0
v√
2
Y TΨ
1√
2
Y3v52 M3
0 MT3
1√
2
Y3v52

 . (22)
This matrix is of the same form as the one found in “inverse seesaw” models [26]. A simple estimate for the neutrino
mass from the diagram on the right in fig. 4 gives:
mν ≃ v52v
2
2
√
2
YΨM
−1
3
Y3(M
T
3
)−1Y TΨ . (23)
We have implemented all models discussed in this section in SARAH [48, 49]. In all cases, we use three generation of
the new fermion fields, although we mention that neutrino oscillation fits in principle could be done with less copies of
fields. These implementations allow to generate automatically SPheno routines [50, 51] for the numerical evaluation
of mass spectra, mixing matrices, 2-body and fermionic 3-body decays. SARAH also allows to generate model files for
MadGraph [52–54], which we use for the numerical calculation of several multi-particle final state decay widths, see
section IV. Finally, we use the package SSP [55] to perform parameter scans.
III. FERMIONIC DECAYS
In this section, we will study the decay of the heavy fermionic fields that mediate the d = 5, d = 7 and d = 9
tree-level neutrino mass generation mechanisms described in the last section. For each model, we identify the most
interesting part of the parameter space where the heavy mediator field has an experimentally measurable decay length.
In this section, we always assume that the exotic scalars of the different models are heavier than the fermions, such
that they do not appear in the decay chains.
The CMS search for the fermions of the seesaw type-III [43], will give limits on all models we are discussing in this
section too, as long as the decays of the fermions are prompt. The limits derived in [43], depend heavily on the lepton
flavour the heavy fermion decays to. Varying the branching ratios to e, µ, τ between zero and one, limits in the range
(390-930) GeV were found. The lower end of this range corresponds to fermions decaying to taus, while the upper end
corresponds to fermions decaying 100 % to muons. We expect that limits on the fermionic states of the other models
8we are considering should lie in a similar range. However, we stress that here we are mostly interested in long-lived
fermions, so the search [43] is not directly applicable.
Let us start the discussion with some general observations. In any of the different models, the heavy fermions F
will decay to a light fermion f plus a boson V as F → f + V .5 Here, V can be either a W , a Z0 or a Higgs boson,
h. Consider, for example, the charged-current vertex. In the limit where the heavy fermion mass is much larger than
the W mass the decay width for Γ(F 0 → f− +W+) is described approximately by:
Γ(F 0i →W+ + l−j ) ∼
1
32π
|Vij |2 m
3
F
m2W
, Vij =
g√
2
UνiαU
†
lαj
(24)
Here, Uν diagonalizes the mass matrix of the neutral states, and Ul diagonalizes the mass matrix of the charged
states. Both, in the SM and in seesaw type-I, we can choose a basis where Ul is diagonal, but in more general models
this is not the case. Off-diagonal entries, connecting heavy and light states, will be suppressed in both, Uν and Ul,
with the suppression usually of the same order in both matrices. Typically one finds |Vij |2 ∼ mνmF , for heavy-to-light
transitions. Similar suppression factors are found for final states involving Z and h bosons. This explains the smallness
of the heavy particle widths qualitatively. In our numerical analysis, however, we always use SPheno [50, 51], which
diagonalizes all mass matrices exactly.
A. d = 5
In seesaw models, both, Ul and Uν , are in general larger matrices than (3 × 3). In seesaw type-I Ul and Uν are
(3× 3) and (6× 6) matrices respectively. For an estimation of the decay length for a sterile neutrino in seesaw type-I
see the introduction. Here, we will discuss the phenomenologically more interesting case of the seesaw type-III.
For seesaw type-III, both Uν and Ul are (6 × 6) matrices. We can express YΣ in terms of the measured neutrino
masses and angles, using the Casas-Ibarra parametrization [20]:
YΣ =
i
v
√
Mˆ−1Σ R
√
mˆνU
†
ν . (25)
Here, as usual, MˆΣ is diagonal, R is an arbitrary orthogonal matrix, mˆν are the light neutrino mass eigenvalues and
Uν is assumed to be the mixing matrix, as measured in oscillation experiments. Note, that since Ul is not diagonal
in general, the latter is an approximation. However, mixing between heavy and light sectors are of order (YΣv).M
−1
Σ ,
for both neutral and charged fermions, see section II. Corrections to eq. (25) are therefore usually small. We note
that this is particularly so in the region of parameter space, in which we are interested in: Large decay lengths require
small values of (YΣv).M
−1
Σ . We thus put in the numerical scans R = 1. Smaller decay lengths than the ones shown
below could be obtained, for a matrix R with complex angles with large absolute values |z|2 ≫ 1. 6
Example calculations for the decay lengths of the heavy fermions are shown in fig. 5. Here and in all plots shown
below, unless noted otherwise, we fix the neutrino oscillation data at their best fit point (b.f.p.) values, choose normal
hierarchy and assume that the matrix R is trivial. The plot to the left shows the decay length, cτ , for the neutral
and charged components of the fermionic triplet Σ, as function of mΣ, for several fixed choices of the lightest neutrino
mass. Recall that mΣ below 390 GeV has already been ruled out by CMS [43]. Neutral and charged components of
the fermionic triplet have nearly identical decay lengths in the region of parameter space where cτ is smaller than
roughly cτ ≃ 6 cm. However, while Σ0 can have much larger decay lengths, for Σ+ there is an upper limit on cτ
of this order. This upper limit is due to the decays Σ+ → Σ0 + π+. Different from the decays to standard model
particles, the decays Σ+ → Σ0+ π+ are not suppressed by the smallness of the neutrino masses. Instead, because the
masses of Σ+ and Σ0 are not exactly degenerate, once 1-loop corrections are taken into account, there is a small but
non-zero decay width Γ(Σ+ → Σ0 + π+) ∝ (∆M)3, as pointed out first in [28]. Note that, (∆M) ∼ 160 MeV, in the
limit mΣ ≫ mZ , leading to a maximal cτ of order 6 cm for the charged state.7
5 Since we consider more than one generation of heavy fermions, there will also be decays, such as Fi → Fj + V for the heavier fermionic
states. In the numerical calculation of the total widths of these fermions, all decay channels are taken into account automatically by
SPheno, but we will not discuss these in details here.
6 A general (3, 3) orthogonal matrix can be written as a product of three complex rotation angles zi. Following [56] we can write
ζi = κi · e
2ipi xi , such that sin(zi)
2 + cos(zi)
2 = 1, while |κi|
2 can be |κi|
2 > 1.
7 The maximal decay length is a function of mΣ. For values below 400 GeV cτ could be (slightly) larger than 6 cm. However, recall that
[43] puts a lower limit of mΣ ≥ 390 GeV for prompt decays.
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FIG. 5: Left: Decay length for the neutral and charged components of the fermionic triplet Σ, as function of mΣ, for several
fixed choices of the lightest neutrino mass. The figure demonstrates that neutral and charged components of the fermionic
triplet have nearly identical decay lengths. The gray band correspond to cτ > 1 mm. Right: Decay length for the neutral
component of the fermionic triplet versus the lightest neutrino mass mν1 . Solid (dashed) lines correspond to the case where
mΣ = 1 TeV (mΣ = 500 GeV.)
The plot on the right shows the decay length for the neutral component of the fermionic triplet versus the lightest
neutrino mass mν1 . Here, we show two cases, fixing the mass of lightest Σ to 500 GeV (dashed lines) and 1 TeV
(solid lines). Orange, blue and magenta solid lines correspond to the cases where the lightest of the three neutral
triplets Σ0i is the one associated with mνi , i = 1, 2, 3, where for normal hierarchy we have mνi = {mν1 ,
√
∆m2⊙ +m2ν1 ,√
∆m2Atm +m
2
ν1}. Blue and magenta lines are always in a region with cτ below 1 mm, so one does not expect that
at the LHC a displaced vertex for these particles can be seen. However, for the case where the lightest Σ is the one
associated to mν1 , for small values of mν1 the decay length can be arbitrarily large. This different behaviour is easily
understood: Solar and atmosperic neutrino mass squared differences require a minimum value for mν2 >∼ 8.5 meV and
mν3 >∼ 50 meV, while for mν1 there is no lower limit experimentally. For example, for masses of mΣ to 500 GeV (1
TeV), cτ & 10−3 meter as long as the lightest neutrino mass is mν1 . 10
−3 eV (mν1 . 2 × 10−4) eV. For very small
values of mν1 the neutral fermions become quasi-stable on LHC detector time scales, thus the displaced vertex signal
disappear (only missing energy is seen from Σ0). In this same part of parametric space Σ+ will have a decay length
cτ ∼ 6 cm, thus leaving a charged track signature inside the detector.
B. d = 7
We now turn to a discussion of the fermions in the BNT model. For this model, the full neutral (9× 9) and charged
(6 × 6) fermion mass matrices are given in eq. (9) and (11). As shown in eq. (10), for the BNT model neutrino
masses are essentially given by a linear seesaw. Here, there are two independent Yukawa couplings, denoted by YΨ and
YΨ. This gives, in general, more parametric freedom to fit neutrino oscillation data then can be described with the
standard Casas-Ibarra parametrization. A completely general description for the neutrino mass fit for any Majorana
neutrino mass model has recently been given in [57, 58].
However, here as everywhere else in this paper, we will be interested again in the parameter region, where the
decay length of the heavy fermions is maximized. To start the discussion, consider the mixing matrices Uν and
Ul. For neutrinos one can estimate U
H−L
ν ∝ v(YΨ ± YΨ).M−13 , where H − L indicates that we are considering here
only the off-diagonal parts of Uν , describing heavy-light mixing.
8 UH−Ll , on the other hand, can be estimated by
UH−Ll ∝ vYΨ.M−13 . Neutral current couplings, needed for decays such as Fi → fj + Z0, are proportional to Uν (Ul)
for neutral (singly charged) fermions. The total mixing matrix, V , entering the charged current, on the other hand,
8 There are two possible signs here, corresponding to the two components of the heavy quasi-Dirac neutrino.
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is the product of Uν .U
†
l , see eq. (24), in case of F
0 and F+. For charged current decays of F++ only Ul enters. To
identify the parameter region, where maximal decay lengths occur, we then have to find the minimal values for both,
UH−Lν and U
H−L
l .
Neutrino masses fix only the product of YΨ and YΨ, i.e. the following simultaneous scaling:
YΨ → Y
′
Ψ = fYΨ, (26)
YΨ → Y
′
Ψ
= (1/f)YΨ,
leaves light neutrino masses unchanged for any value of f . At the same time, it is easy to see that the ratio of
UH−Ll /U
H−L
ν scales proportional to f , for f ≪ 1.
Fig. (6) shows some example decay lengths versus the factor f for different values of mF3 and the lightest neutrino
mass, mν1 . Here, we have chosen f = 1 to correspond to the choice YΨ = YΨ. Again, all other parameters have been
fixed to b.f.p values. The figure demonstrates that for f larger than roughly (1-5), the decay lengths of F++, F+
and F 0 are similar and decrease with increasing f . For smaller values of f the decay length for F 0 increases, until it
reaches a maximum and then decreases again for small values of f . This can be understood from the discussion given
above: Using small values of f minimizes UH−Ll , while U
H−L
ν has a minimum near f ≃ 1 but increases for both,
large and small, values of f . Since both matrices enter into the decays of F 0, the decay lengths of this particle are
maximized f ≃ (0.1− 0.3).
The maximal decay lengths for F+ and F++, however, are much shorter. This again is due to decays to pions,
i.e. F++ → F+ + π+ and F+ → F 0 + π+. Similar to the case of the seesaw type-III, discussed above, the mass
splitting among the different members of the multiplet are small, leading to small decay widths. However, numerically
M(F+)−M(F 0) ≃ 0.5 GeV and M(F++)−M(F+) ≃ 0.83 GeV. Thus the maximal decay lengths of F+ and F++
are smaller than the ones obtained for Σ+.
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FIG. 6: Left: Decay lengths versus f for different values of the lightest neutrino mass and mF3 = 1 TeV, v4 = 2 GeV. Right:
Decay lengths versus f for different values of the lightest neutrino mass and mF3 = 500 GeV, v4 = 2 GeV.
In the rest of this subsection we will assume YΨ = YΨ. In this part of the parameter space, the more general neutrino
fit of [57, 58] essentially reduces to a Casas-Ibarra parametrization. Choosing again b.f.p. values for the neutrino data
and R = 1, the decay length of the neutral, singly charged and doubly charged components of 3F1 = (F 03 , F+3 , F++3 )
are depicted in the left panel of Fig.7. The figure shows that the maximal decay length for F+ can be of the order
of cτ = 1 mm, while F++ decays always with lengths smaller than mm. F 0, on the other hand, can have very large
decay lengths. The different behaviour of the widths of these states is again due to the decays to pions, as discussed
above.
In the rest of this subsection, we will discuss only the decay lengths of the neutral components. In the right panel
of Fig.7 we show the decay length of F 03 for different values of the scalar quadruplet vev v4. The solid, dashed and
dotted lines correspond to the cases where v4 = 10
−3 GeV, v4 = 10−1 GeV and v4 = 2 GeV respectively. For all the
cases, we fixed the mass of the F 03 , denoted as mF3 , to 500 GeV. Orange, blue and magenta lines correspond again to
the cases where the lightest of the three neutral triplets F 03i is the one associated with mνi , i = 1, 2, 3. Larger values
of the vev v4 imply smaller Yukawas, for the same values of light neutrino masses, and thus larger lengths. From the
figure, we can conclude that, for example, for a fixed value of v4 = 10
−3 GeV, the decay length is cτ & 1 mm as long
as mν1 . 5×10−7 eV, while for a fixed value of v4 = 2 GeV, the decay length is cτ & 1 mm as long as mν1 . 5×10−4
eV. Recall, that there is an upper limit of roughly v4 <∼ 3.5 GeV, as discussed in section II.
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FIG. 7: Left: Decay length for the neutral, singly-charged and double-charged triplet components. In this case, the mass of
the neutrino is fixed to mν = 10
−5 eV and the vev of the scalar quadruplet to v4 = 2 GeV. Right: Different comparisons for
the F 03 decay lengths. The dotted, dashed and continuous lines correspond to the choice of v4 to 2 GeV, 10
−1 GeV and 10−3
GeV, respectively. For both cases, the Yukawa matrices are fixed by the Casas-Ibarra parametrization, using the assumption
YΨ ≃ YΨ.
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FIG. 8: Left panel: Decay length for the neutral components of triplet, quadruplet and quintuplet fermion. Right panel: Decay
length for the neutral, singly-charged and double-charged components of a quintuplet. For both panels, the lightest neutrino
is fixed to mν = 10
−5 eV and the values of the Yukawas Y 34 = Y45 = 1 and Y 45 = Y34 = 0.
C. d = 9
In the d = 9 model, introduced in section II, there are three different fermionic multiplets: 3F1 , 4
F
1/2 and 5
F
0 . The
decay lengths of the lightest fermions then sensitively depends on which of these multiplets is the lightest. This is
shown in fig. (8) in the left panel.
Fig. (8), left panel, shows cτ as a function of the mass of the fermion for a fixed choice of the lightest neutrino mass.
Here, we have fixed the diagonal elements of the Yukawas Y 34 = Y45 = 1 and Y 45 = Y34 = 0. This choice of Yukawa
couplings is motivated by the fact that to lowest order neutrino masses do not depend on Y 45 and Y34 = 0, see section
II. We set either M3 or M4 orM5 the smallest mass parameter, such that the lightest state is (correspondingly) either
mostly a triplet, a quadruplet or a quintuplet fermion. While for a quintuplet (and partially also for a quadruplet)
fermion sizeable lengths appear, triplet fermions have decay lengths two orders or more shorter than those found for
the quintuplet.
This fact can be understood as follows. The decay width of the heavy fermions can be written roughly as:
Γ(F 03,4,5) ∝ |V3,4,5|2
m3F
m2W
. (27)
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From the structure of the neutral fermion mass matrix in this model, compare to eq. (15), one can estimate very
approximately:
V3 ≃ mDM−13
V4 ≃ mDM−13 m34M−14
V5 ≃ mDM−13 m34M−14 m45M−15 (28)
where mD ≃ v√2YΨ, m34 = v√6Y 34 and m45 = v2Y45, respectively. Thus, one will find typically V5 < V4 ≪ V3, if the
Mi are larger than the mij . Recall, that neutrino mass require at least some of these parameter ratios to be small,
see eq. (16).
In the right panel of fig. (8), we show the decay lengths for the neutral, singly charged and doubly charged
components of 5F0 . The figure demonstrates that the largest lengths again are expected for the neutral component.
The maximal allowed decay length of F+5 (F
++
5 ) is around cτ ≃ 1.8 cm (cτ ≃ 0.4 mm) for masses larger than 400 GeV.
The reason is the same as discussed in the cases of seesaw type-III and the BNT model: The charged components of
the multiplet are slightly heavier than the neutral one and, thus, can decay to the neutral state plus a a charged pion
with a width that is numerically small, but not suppressed by the small neutrino mass.
FIG. 9: Decay lengths for the neutral component of the triplet (left panel), quadruplet (central panel) and quintuplet (right
panel) fermion. For the three cases, the dashed and continuous lines correspond to the choice of the lightest fermion mass of
500 GeV and 1 TeV respectively. Yukawas chosen as in fig. (8).
The decay lengths of the neutral components of 3F
1
, 4F
1/2 and 5
F
0
are shown in Fig.9. For the three panels, the
orange, blue and magenta lines again correspond to the cases where the lightest fermions is associated to the first,
second and third neutrino mass eigenvalue, as obtained from a Cassa-Ibarra fit to neutrino data. For each case, the
other free Yukawas of the model are fixed to 1, for simplicity.
As expected, the region in parameter space where measurable decay lengths occur are largest for fermions from
the quintuplet, followed by quadruplet fermions, while the triplet fermions have unmeasurably short decay lengths
practically in all acceptable parts of the parameter space. Note the change in scale in the plot for the triplets.
In summary, a systematic analysis of the fermionic decays from d = 5 up to d = 9 tree-level neutrino models
allows us to conclude that for all models larger decay lengths are found for a smaller overall neutrino mass scale. In
contrast larger masses of the fermions lead to smaller widths in all cases. We note that the charged components of
the multiplets have in all cases a maximal value for their decay lengths, imposed by decays to the neutral fermion
plus a charged pion. This decay is suppressed by a small mass splitting, but not by the small neutrino masses. We
note that the maximal lengths for the charged components are different in seesaw type-III, BNT and the d = 9 model.
This might serve as a distinguishing feature for the different models.
IV. SCALAR DECAYS
In this section we discuss the decays of the different scalars that appear in the neutrino tree-level mass models at
dimensions d = 5, 7 and d = 11, as introduced in section II. We will concentrate on the main decay modes only and
on identifying the parameter region in which the decay lengths of the scalars are maximized.
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As discussed in the introduction, various experimental searches by the LHC collaborations for type-II scalars (i.e.
the case d = 5) exist in the literature, see for example [40–42], to name the most recent ones. The scalars of the d = 7
and d = 11 models can be produced at the LHC in both, pair- and associated production. Since pair production cross
sections at LHC scale, at large masses, proportional to the 4th power of the electric charge of the particle, one expects
in general larger cross sections at the LHC, and thus better sensitivity to the scalars of these models than for seesaw
type-II. However, so far no dedicated LHC searches for these states exist and, thus, there are no exact numbers on
the lower limits on the masses of these particles. We will, very roughly, assume that all these scalars have masses in
the range of [0.5,2] TeV, where the lower end of the range could most likely already be excluded with current data, if
the final states of the scalar decays involve leptons.
A. d = 5
The simplest case we consider corresponds to the type-II seesaw model [33, 59, 60] which has already been widely
studied in the literature [61–71]. In particular the authors of Refs. [65, 66] studied the parameter region in which the
scalar mediators of the type-II seesaw model can be relatively long-lived. Since this case can be understood as the
“proto-type” for the scalar decays in our other models, we briefly discuss seesaw type-II first.
As already mentioned, the type-II seesaw model adds a scalar SU(2) triplet ∆ = (∆0,∆+,∆++) to the SM. We
mention that one expects the decay length of the scalars to have similar values for different components of the triplet,
especially for large masses. Note, that this assumes that the different members of the triplet have very similar masses,
which is generally true for large values of m∆. We will therefore discuss only the decays of ∆
++.
The doubly charged scalar ∆++ has two decay modes: ∆++ → W+W+ and ∆++ → l+l+.9 These partial decay
widths can be expressed as [61, 62]:
Γ(∆++ →W+W+) = α2
32
v2∆m
3
∆
v2m2W
I2, Γ(∆
++ → l+l+) = 1
16π
m∆
∑
im
2
νi
v2∆
(29)
with
I2 = (1− 4rW + 12r2W )(1 − 4rW )1/2 , rW = (
mW
m∆
)2. (30)
Here, summation over the lepton generations α = e, µ, τ is implicitly understood. The leptonic decay channel is
proportional to the sum of the squares of the neutrino masses. This square has a minimum value of roughly∑
im
2
νi
>∼ (0.05eV)2, corresponding to a normal hierarchy of neutrino masses with an atmospheric neutrino mass
scale of mν3 ≃
√
∆m2Atm ≃ 0.05 eV. Since Γ(∆++ → W+W+) ∝ v2∆, while Γ(∆++ → l+l+) ∝ v−2∆ , there exists a
value of v∆ for which the total decay width is minimized. The corresponding maximum for the decay length is found
for, in the limit m∆ ≫ mW :
(v∆)max =
(2∑im2νiv2m2W
α2m2∆I2
)1/4
. (31)
At v∆ smaller than this value, the decays are dominated by leptonic final states, while for v∆ larger than eq. (31)
gauge boson final states dominate. Interestingly, the point in which the total decay width is minimized corresponds to
equal branching ratios of ∆++ decaying into leptons and gauge bosons. For pair production ∆++∆−− this corresponds
to final states (l+l+l−l− : l±l±W∓W∓ : W+W+W−W−) ≃ (1 : 2 : 1), thus maximizing the chances to see lepton
number violation experimentally.
This can be seen also in Fig. 10. As shown in this plot, for m∆ = (1000, 500, 200) GeV there is maximum value of
cτ as function v∆. This maximum occurs at slightly smaller values than predicted by eq. (31), v∆ ∼ (1, 2, 3)× 10−4
GeV, due to phase space effects. The dashed gray lines in the background indicate the different partial widths for the
case of m∆ = 200 GeV. These lines are for illustration purposes only, to demonstrate where lepton or gauge boson
final states are dominant. The heavier (lighter) ∆++ the smaller (larger) the maximum value of cτ becomes. Fig.
10 also shows a gray band which correspond cτ > 1 mm. As we can see in this figure, given current neutrino data,
the scalar mediators of the seesaw type-II always have cτ << 1 mm for m∆ > 200 GeV. Thus, a doubly charged
scalar with m > 200 GeV, decaying with a visible decay length can not give the correct explanation for the observed
neutrino masses, as expected from seesaw type-II.
9 Decay, such as ∆++ → W+ + ∆+ are usually kinematically not allowed in type-II seesaw for large m∆. This is different in left-right
symmetric extensions of the standard model with right-triplets [66], where the mass splitting between different components can be much
larger than in the pure type-II seesaw case we consider here.
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FIG. 10: Decay length (cτ ) versus v∆. Three different choices for m∆, corresponding to m∆ = 200, 500, 1000 GeV are shown.
Dashed gray lines correspond to “partial inverse widths” cΓ−1(∆++ → W+W+) and cΓ−1(∆++ → l+l+) for m∆ = 200 GeV.
These lines are shown only for illustration. ∆++ → W+W+ and ∆++ → l+l+ indicate the parameter range, where the
corresponding final state dominates the decay width.
B. d = 7
We now turn to the case of the BNT model [35]. The scalar quadruplet with hypercharge 3/2, can be written in
components as 4S
3/2 = (S
3+
4 , S
2+
4 , S
+
4 , S
0
4). Consider first the triply charged scalar S
3+
4 . It has two principal decay
modes: S3+4 →W+W+W+ and S3+4 →W+l+l+, where again we have suppressed flavour indices for the leptons. Pair
production of S3+4 can lead therefore to final states with up to 6 W s or 4 leptons plus 2 W . Of particular theoretical
interest are the LNV final states of l+l++8 jets (from hadronically decaying W s).
In the limit where the mass of S3+4 is large, m4 ≫ mW , one can find an approximate expression for the partial
decay widths of S3+4 :
Γ(S3+ →W+W+W+) ∼ 3g
6
2048π3
v24m
5
4
m6W
, Γ(S3+ →W+l+l+) ∼ g
2
3072π3
m34
∑
im
2
νi
v24m
2
W
. (32)
Note that we have used here the phase space for massless final state particles, thus eq. (32) approaches the numerical
result, see below, only for m4 ≫ mW .
Compared to the case of the seesaw type-II, discussed previously, one notes that the partial widths are suppressed
by phase space factors for the three particle final state, but enhanced by different additional factors (m4/mW )
2. The
latter is due to the fact that in the limit of large scalar masses the decays to the longitudinal component of the W
dominates the total decay width.
Most important, however, is that the decay width Γ(S3+ → W+W+W+) is proportional to v24 , while Γ(S3+ →
W+l+l+) ∝ v−24 , similar to the case of the seesaw type-II. Thus, using Eq. (32) we can estimate a value (v4)max,
which maximizes the decay length, as:
(v4)max ∼
(
∑
im
2
νi)
1/4mW√
3g
√
m4
(33)
Roughly, this gives (v4)max ∼ 2× 10−5 GeV for
∑
im
2
νi = (0.05)
2 eV2 and the example m4 ≃ 800 GeV.
With the SARAH generated model files for the BNT model, we used MadGraph [52–54] for a numerical calculation
of the partial widths of S3+4 . The results are shown in fig. (11). The figure shows cτ for S
3+
4 for three values of m4,
m4 = 500, 600, 800 GeV, as a function of v4. As before, the grey area indicates cτ > 1 mm. As discussed above,
there is a value of v4 for which the decay length has a maximum, (v4)max ∼ (10−5 − 10−4) GeV. Comparison of the
numerical values of (v4)max with those predicted by eq. (33), show that the latter underestimates the true value for
small values of m4, but is quite accurate for, say, m4 >∼ 1 TeV. The figure also shows that the total decay lengths,
cτ , should be shorter than ∼ 1 mm for masses larger than roughly 500 GeV. Note that cτ does not include possible
boosts from production, such that visible decay lengths may occur experimentally still for masses slightly larger than
500 GeV.
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FIG. 11: Decay lenghth (cτ ) versus v4. Solid, dashed and dotted lines correspond to m4 = 500, 600, 800 GeV respectively.
Dashed gray lines correspond to cΓ−1(S3+4 →W
+W+W+) and cΓ−1(S+34 →W
+l+l+) for m4 = 500 GeV.
We now turn to a brief discussion of the decays of S2+4 . Similar to the case of the ∆
++ of the seesaw type-II, the
main final states for the decays of the S2+4 are W
+W+ and l+l+. In the limit of large masses, m4 ≫ mW we can
estimate the ratio of the total widths as:
Γtot(S2+4 )
Γtot(S3+4 )
∼ 1
g2
f(3)
f(2)
m2W
m24
≃ 32π
2
g2
m2W
m24
(34)
Here f(n) = 4(4π)2n−3(n − 1)!(n − 2)! takes care of the phase space volume available to the decay products of n
massless particles, see ref. [72]. From eq. (34) one estimates that S2+ should decay with widths roughly a factor ∼ 8
(∼ 5) larger than S3+ for masses order m4 = 800 GeV (1 TeV). Comparison with the numerical results in fig. 11
shows that one can not expect to have a visible decay length for S2+, similar to what is shown in fig. 10 for the ∆++
of the seesaw type-II.
C. d = 11
The last case we dissus are the scalars of the d = 11 tree-level neutrino mass model, defined in section II. This
model introduces three different scalars: 5S2 , 5
S
1 and 3
S
0 as can be seen in Fig. 4 (to the right). Decay lengths of the
scalars in this model depend on their mass hierarchy. In our discussion we will assume the lightest heavy particle is
5S2 , i.e. m52 < m51 ,m3. This is motivated by the observation that the decay widths of the scalars to final states with
gauge bosons will scale with the square of the vev of the neutral component of the corresponding scalar multiplet,
similar to the situation in the other models discussed above. As eqs (19)-(21) show, from the tadpole equations one
expects that the vev of 5S2 , v52, is numerically the smallest of the three vevs. Also, 5
S
2 = (S
+4
5 , S
+3
5 , S
+2
5 , S
+
5 , S
0
5)
contains a quadruply charged scalar, which can be expected to have the smallest decay width of all the scalars in the
model, due to the additional phase space suppressions.
Fig. 12 shows cτ for S+45 versus v52 for three different values of m52 , m52 = 0.8, 0.9 and 1 TeV. The two dominant
decay modes here are S4+5 → W+W+W+W+ and S4+5 → W+W+l+l+. Again, the numerical calculation of the
widths were done using MadGraph [52–54], based on our private version of the SARAH generated model files for the
d = 11 model.
As one can see in this figure there is a maximum around v52 ∼ 10−5 GeV, slightly different for different values of
m52 . The explanation for this feature is the same as in the seesaw type-II and the BNT model, discussed previously.
The leptonic decay mode S4+5 → W+W+l+l+ is proportional to 1/v252 while S4+5 → W+W+W+W+ scales as v252.
Therefore, there will be a maximum value (v52)max for which if v52 << (v52)max the leptonic mode will dominate
while if v52 >> (v52)max the decay mode W
+W+W+W+ will be the dominant contribution of cτ .
As fig. 12 shows, there exists a region in parameter space, for which S4+5 can decay with a visible decay length.
Visible decay lengths are possible up to masses very roughly in the range of (800 − 900) GeV. The explanation for
these larger masses for the case of S4+5 compared to the S
3+
4 of the BNT model is the large suppression from the
16
4-body phase space. This suppression is only partially compensated by an additional factor of
m2
52
m2
W
in the decay width
for the additional W boson in the final state.
We close the discussion of the d = 11 scalars by mentioning that all other scalars in the model should have a smaller
decay length than S4+5 . The explanation for this is essentially smaller phase space suppression for the decay widths
of the other scalars, very similar to the case of the BNT model discussed previously.
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FIG. 12: Decay lenghth (cτ ) versus v52. Solid, dashed and dotted lines correspond to m52 = 800, 900, 1000 GeV respectively.
In summary, from the analysis of the scalar decays in tree-level neutrino mass models at d = 5, 7, 11 we can conclude
that in all cases there is an upper limit of the decay length, different from the situation found for (neutral) fermions.
For the scalars of the d = 7 and d = 11 models this upper limit is of the order of a few millimeters, and thus still
in an observable range, while for the type-II seesaw one does not expect to see a finite decay length experimentally.
In all cases this upper limit is reached in a region of parameter space in which leptonic and gauge boson final states
have similar branching ratios.
V. CONCLUSIONS
We have studied LHC phenomenology of different neutrino mass models. All our models generate neutrino masses
at tree-level. They range from the simplest d = 5 seesaws to d = 11 models. Our main focus was to study the decays
of the heavy seesaw mediators. We concentrated on masses below roughly 2 TeV, such that the heavy particles can
be produced at the high-luminosity LHC. We calculated the decay widths for the fermions and scalars, that appear
in the different models. Our results depend on the unknown spectrum of mediators, i.e. we have to distinguish two
scenarios: (i) the exotic fermions are the lighter of the mediators and (ii) scalars are lighter than the exotic fermions.
For case (i), fermions being the lighter (heavy) particles, we find that their mixing with standard model particles
is suppressed by the light neutrino masses. Since there is no experimental lower limit on the lightest neutrino mass,
this mixing can be very small, leading to very slow decays. Very large decay lengths for neutral fermions are then
possible, even for fermions with masses order O(TeV). In general, the fermions from models with d > 5 tend to have
smaller decay lengths than those found for the fermions in d = 5 models.
The situation is different for scalars. In high-dimensional models, large scalar multiplets need to be introduced.
Due to large phase space suppression factors, the multiply charged scalars in these models tend to have very small
widths. As we have discussed scalars in these models can decay either to pure gauge boson final states or to final
states with pairs of leptons (plus additional gauge bosons). Since these two final states depend differently on the
vacuum expectation values of the scalars, there is always an upper limit on the maximally allowed decay length. The
numerical value of this maximal decay length depends on the electric charge of the scalar under consideration, but can
not be larger than typically a few millimeters. Interestingly the maximal decay length always appears in a parameter
region in which it should be possible to observe lepton number violating final states.
Finally, as we have mentioned before, with the exception of the well-known seesaw type-II, no LHC searches exist
for any of the exotic scalars we considered in this paper. Since these scalars can have very high-multiplicity final
17
states, we expect backgrounds to be low at the LHC. This, combined with the large production cross sections for
multiply charged particles, makes LHC searches for these exotic scalars very promising, in principle.
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